In vivo endotoxin infusion produces neutrophil-mediated acute lung injury and increases superoxide anion release from phorbol myristate acetate (PMA) -stimulated blood neutrophils collected 18-24 hours after the infusion. Because the turnover time of circulating blood neutrophils is only 6-8 hours, it was hypothesized that the prolonged increase in superoxide anion release from peripheral blood neutrophils is associated with increased superoxide anion release from bone marrow neutrophils. To test this hypothesis, two doses of Escherichia coli endotoxin (5.0 and 0.5 ,ug/kg) were infused into chronically instrumented awake sheep. Blood and bone marrow neutrophils were collected 24 hours after the infusion, and superoxide anion release from unstimulated and PMA-stimulated neutrophils was measured in vitro. Endotoxin infusion produced an increase in pulmonary microvascular permeability, in intravascular activation (degranulation) of blood neutrophils, and in circulating blood neutrophils 24 hours after the infusion. High-dose endotoxin (5.0 ,ug/kg; n=4) increased superoxide anion release from unstimulated peripheral blood neutrophils (2.25±038 times baseline [p:O0.05) and from peripheral blood neutrophils stimulated with 10`M PMA in vitro (1.46 0.55 times baseline).
peripheral blood neutrophils stimulated with 10`M PMA in vitro (1.46 0.55 times baseline).
Low-dose endotoxin (0.5 jglkg; n=5), on the other hand, did not alter superoxide anion release from peripheral blood neutrophils. Bone marrow neutrophils could not be isolated reproducibly after high-dose endotoxin because of leukoaggregation. Bone marrow neutrophils were isolated after low-dose endotoxin infusion. Stimulation of these cells with 10-' M PMA in vitro resulted in a two-to fourfold increase above control release (p<0.05). Increased superoxide anion release from both peripheral blood and bone marrow neutrophils occurred in the absence of circulating endotoxin, as measured by a Limulus assay. These results show that the prolonged increase in superoxide anion release from peripheral blood neutrophils is associated with an increase in the superoxide anion release from bone marrow neutrophils. Furthermore, the recruitment of affected bone marrow neutrophils into peripheral blood may explain the increased superoxide anion release from blood neutrophils 24 9 produce increases in lung lymph flow, lung lymph protein clearance, and in some cases, neutrophil sequestration within the pulmonary circulation. These observations raised the Cerasoli et al Endotoxemia Alters 02 Release From Neutrophils 155 question of the role of neutrophils in the pathogenesis of acute lung injury, and more recently, the regulation of neutrophil function under pathophysiological conditions.
Because septicemia is frequently associated with adult respiratory distress syndrome, investigations of the effects of endotoxin on neutrophil function may be of particular importance. A number of in vivo and in vitro studies illustrate alterations in circulating neutrophil function in response to endotoxin. In vivo exposure of neutrophils to a dose of endotoxin that does not cause lung injury "primes" these cells.10 Doses of complement anaphylatoxin (C5a) or the synthetic chemotactic peptide formyl-norleucylphenylalanine (fNLP), which do not produce lung injury, cause endotoxin-primed cells to sequester in the lung." In vitro incubation of neutrophils with endotoxin produces an enhanced superoxide anion release in response to PMA, CSa, or the synthetic chemotactic peptide formyl-methionyl-leucyl-phenylalanine (fMLP).'2 Curiously, neutrophil function also seems to be altered 18-24 hours after endotoxin infusion.'0,13 This last observation is surprising because the turnover time of circulating neutrophils is approximately 6-8 hours. The short turnover time may imply that prolonged alterations in the function of circulating neutrophils are associated with similar alterations in the function of bone marrow neutrophils that are subsequently released into peripheral blood.
The present investigation tested the hypothesis that endotoxin infusion alters superoxide anion release from peripheral blood and bone marrow neutrophils. Sheep were infused with either 5.0 or 0.5 ,ug/kg endotoxin to produce acute lung injury. Peripheral blood neutrophils were isolated before, during, and 24 hours after one infusion of endotoxin to measure unstimulated and PMA-stimulated superoxide anion release. Bone marrow neutrophils also were isolated 24 hours after the infusion to measure superoxide anion release. Neutrophil alkaline phosphatase activity was assayed cytochemically throughout each experiment to document degranulation (loss of cytochemical staining), which was used as an index of intravascular neutrophil activation. Our results demonstrate that endotoxin caused 1) intravascular activation of blood neutrophils circulating at the time of the infusion, and 2) alterations in superoxide anion release from peripheral blood and bone marrow neutrophils 24 hours after the infusion.
Materials and Methods

Physiological Measurements
Adult, male sheep (n = 10, 42+3 kg) were used for the present study. The sheep were surgically prepared for chronic measurement of cardiopulmonary hemodynamics and lung lymph dynamics as previously described.'4 Experiments were started 4 or 5 days after surgery at a time when PMA-stimulated superoxide anion release from circulating neutrophils returned to baseline values.'4 Leukocyte count, differential, and hematocrit were measured when the sheep arrived and daily after the surgical procedure to minimize the incidence of undetected infection. A flow-directed thermodilution catheter (7F, SwanGanz, Abbott Critical Care Systems, Chicago) attached to a pressure transducer (Cobe CDX III, Lakewood, Colo.) was floated into a peripheral pulmonary artery (via a Sorenson venous introducer [Abbott Laboratoties, Salt Lake City] placed in the right external jugular vein) for the measurement of pulmonary arterial and wedge pressures. Both pressures were referenced to the level of the left atrium. This catheter was also used for the computer-assisted (model 3500, KMA Inc., Salt Lake City) measurement of cardiac output. An aortic catheter was placed at the time of surgery and fitted with a transducer for the measurement of systemic arterial blood pressure. Lung lymph was collected and weighed in tared centrifuge tubes treated with 100 units of heparin to prevent coagulation.
Lung lymph and 3 ml of systemic arterial blood were collected at 30-minute intervals throughout the experiment. The blood sample was withdrawn at the midpoint of each lymph collection period. The number of leukocytes in whole blood was measured using a Clay Adams automated hemocytometer (Becton Dickinson and Co., Parsippany, N.J.). Leukocyte differentials were determined using Accustain (Sigma Chemical Co., St. Louis). The blood and lymph samples were centrifuged, and the supernatants were collected and frozen. Plasma and lymph protein concentrations were measured subsequently using an American Optical refractometer (No. 10400, Buffalo). A Limulus lysate assay (E-Toxate kit No. 210-A, Sigma) was used to measure endotoxin in plasma collected 24 hours after infusion.
Endotoxin infusion was started after the attainment of a baseline steady-state period, defined as three consecutive 30-minute periods during which lung lymph flow, pulmonary artery pressure, and cardiac output varied no more than 10% of their respective mean values. Sheep received either 5.0 .g/kg ("high-dose"; n =5) or 0.5 pg/kg ("low-dose"; n=5) of Escherichia coli endotoxin (0127: B8, Calbiochem Corp., La Jolla, Calif.) in 60 ml of sterile 0.9% NaCI. The endotoxin was infused through the proximal port of the Swan-Ganz catheter for 30 minutes at a rate of 1.9 ml/min. Physiological measurements were made continuously for 4.25 hours after the infusion and again for 1.5 hours beginning 24 smeared, and dried. Smears were fixed for 30 seconds in citrate fixative and washed with tap water. Alkaline phosphatase activity was revealed by staining the slides for 10 minutes using 1.0 ml fast red violet alkaline solution, 1.0 ml sodium nitrate, and 1.0 ml naphthol arsenic bismuth alkaline solution in 45 ml distilled water. Slides were then washed with tap water, counterstained with hematoxylin for 90 seconds, and washed again.
Slides were observed using an Axioplan light microscope (Carl Zeiss, Thornwood, N.Y.). One hundred neutrophils were rated for the intensity of the alkaline phosphatase reaction product (rating scale of 0 to +4). An alkaline phosphatase activity score for each time point was calculated by summing the individual product of each alkaline phosphatase intensity rating and the number of neutrophils so rated.
Data Analysis
Data are reported as mean+SEM. Changes in the circulating leukocyte counts, circulating neutrophil differential, and neutrophil alkaline phosphatase activity were compared with their respective baseline values using a one-way analysis of variance with multiple comparisons (Dunnett's test). 19 This test was also used to compare superoxide anion release from control neutrophils of each bone marrow fraction to the superoxide anion release from control blood neutrophils. Newman-Keuls multiple range testing was used to compare neutrophil differentials in the control blood isolation fraction and each bone 
Results
Lung lymph dynamics and pulmonary hemodynamics associated with the endotoxin infusions are summarized in Table 1 . Endotoxin produced a dosedependent increase in pulmonary microvascular permeability, defined as an increase in lung lymph protein clearance (lung lymph flow multiplied by the lymph-to-plasma protein concentration ratio). These data are similar to data shown previously.6 '20 Neutrophil sequestration was observed in response to in vivo endotoxin infusion7 ( Table 2 ). The peripheral blood leukocyte count and neutrophil differential decreased 15 minutes after both high-and lowdose endotoxin (0.75 hours), resulting in an 85-90% decrease in circulating neutrophils. The decrease in leukocyte count and differential due to high-dose endotoxin persisted for at least 4.75 hours. On the other hand, the leukocyte count approached baseline, and the neutrophil differential was at baseline 4.75 hours after low-dose endotoxin. These data suggest a direct relation between the endotoxin dose and the recovery rate of circulating neutrophils. Interestingly, both doses of endotoxin were subsequently associated with an overshoot in circulating neutrophils (1.5-3.0 times baseline) 24 hours after endotoxin infusion.
Circulating neutrophils were stimulated by intravascular endotoxin to release specific granules, of which alkaline phosphatase is a constituent ( Table  2) . By 4.75 hours, neutrophil alkaline phosphatase cytochemical activity was decreased by both highand low-dose endotoxin infusion. The first cytochemical evidence of degranulation was associated with high-dose endotoxin as early as 0.75 hours ( Table 2) . A similar effect was demonstrated in vitro after a 30-minute incubation of naive buffy coat leukocytes on glass slides with 5.0 jig of endotoxin followed by staining for alkaline phosphatase activity. In these in vitro cytochemical experiments, neutrophil alkaline Figure 1 summarizes the in vitro superoxide anion release data for peripheral blood neutrophils. Superoxide anion release from blood neutrophils collected 15 minutes into the infusion of high-or low-dose endotoxin was similar to their respective baseline release ( Figures 1A and 1B) . Twenty-four hours after the infusion of high-dose endotoxin, however, unstimulated release and 10-11 M PMA-stimulated release were increased 2.25 +0.38 and 3.76+0.68 times baseline, respectively (p.0.05, Figure 1C ).
Release in response to 10`1 and 10`-M PMA also tended to be greater than baseline (2.12+0.50 and 1.46±+0.55, respectively). There was no change in the maximal PMA-stimulated release; therefore, superoxide anion release from unstimulated blood neutrophils and blood neutrophils stimulated with low doses of PMA in vitro was increased 24 hours after high-dose endotoxin. This subthreshold release response occurred in the absence of circulating endotoxin, as measured by the Limulus assay. In contrast to the 24-hour data from the high-dose endotoxin experiments, low-dose endotoxin was not associated with altered superoxide anion release 24 hours after the infusion ( Figure 1D ).
The increased superoxide anion release observed with low doses of PMA in vitro and in vivo high-dose endotoxin was apparently due to an increase in the sensitivity of blood neutrophils to PMA. An index of sensitivity, the half-maximal dose for PMAstimulated superoxide anion release, was extrapo- Figure 2 . The kinetics of superoxide anion release in response to i0`M PMA were identical before and 24 hours after high-dose endotoxin (Figure 2) . The maximal amounts of superoxide anion released were also similar before and after endotoxin. Therefore, with a maximal stimulating dose of PMA, the maximal amount and the kinetics of superoxide anion release were independent of spontaneous release.
We Figure 3 . Less than 1.0 nmol of superoxide anion per 250,000 neutrophils per 45 minutes of incubation was spontaneously released from unstimulated neutrophils, regardless of the source. Stimulated superoxide anion release from neutrophils collected from progressively less dense gradient fractions decreased in a stepwise fashion in response to 10`M PMA. After stimulation with i0-M PMA, superoxide anion release from neutrophils of the 60/50% bone marrow fraction was 50% less (p<O.05) than that seen from neutrophils of the 80/70% and 70/60% bone marrow fractions, as well as from the 80/70% fraction of peripheral blood. The half-maximal PMA dose for superoxide anion release from control neutrophils of the 80/70% bone marrow fraction was 3.0 nM, which was the same as control peripheral blood, whereas that for neutrophils of the 70/60% and 60/50% fractions was 5.0 and 10.0 nM, respectively.
In the two high-dose endotoxin-treated sheep in which neutrophils were successfully isolated from bone marrow, the pattern of superoxide anion release was different from that measured in control sheep (Figure 4) . Unstimulated superoxide anion release was increased three-to 10-fold in neutrophils isolated from the 80/70%, 70/60%, and 60/50% bone marrow fractions from the high-dose endotoxintreated sheep compared with the control sheep. Similar increases were measured at PMA doses of 10`1 and 10`M in all three fractions. As was the case with peripheral blood neutrophils collected 24 hours after high-dose endotoxin, superoxide anion release from bone marrow neutrophils stimulated with i0-`M PMA in vitro was similar before and 24 hours after the endotoxin infusion.
Bone marrow neutrophils from low-dose endotoxin-treated sheep showed a similar pattern of enhanced superoxide anion release in the absence of PMA and in response to 1011 and 10-M PMA (Figure 4) . (Sufficient numbers of neutrophils were obtained for the 10-11 M PMA dose in two of the five sheep in this group.) In contrast to the highdose endotoxin data, however, this pattern of enhanced superoxide anion release did not extend to neutrophils from the 60/50% fraction. Once again, release stimulated by i0-`M PMA in all three fractions was similar before and after the low-dose endotoxin infusion.
Discussion
The purpose of this study was to identify the effects of in vivo endotoxin infusion on the function of blood and bone marrow neutrophils in a model of acute lung injury. The data on neutrophil sequestration and the development of dose-dependent acute lung injury are in agreement with other investigations. 7, 21, 22 This study further demonstrates that in vivo administration of endotoxin produces two effects on the function of various neutrophil populations: First, endotoxin causes intravascular activation of neutrophils circulating at the time of the infusion; second, endotoxin alters the in vitro superoxide anion release characteristics of neutrophils isolated from blood and bone marrow 24 hours after the infusion. From the second effect, we hypothesize that superoxide anion release is altered in a population of neutrophils not directly exposed to endotoxin in vivo.
Evidence for intravascular neutrophil activation (degranulation) was provided using a cytochemical stain for alkaline phosphatase activity. Alkaline phosphatase is an enzyme contained in the specific granules of mature segmented neutrophils.23 Specific granules are bacteriocidal in function and, at neutrophil activation, are released before azurophilic (primary) granules. 24 We found that alkaline phosphatase cytochemical activity within blood neutrophils decreased acutely after endotoxin infusion. Furthermore, endotoxin applied directly to neutrophils in vitro also reduced alkaline phosphatase activity. The persistent decrease in the alkaline phosphatase activity of segmented neutrophils in conjunction with the recovery of neutrophil differential and leukocyte count at 4.75 hours suggest that neutrophils sequestered in the pulmonary circulation during the infusion were activated and subsequently released contents of specific granules into the circulation. Demargination of sequestered, activated neutrophils is suggested in the low-dose endotoxin-treated sheep by recovery of the neutrophil differential at 4.75 hours -a time when alkaline phosphatase activity was still decreased. The recovery of alkaline phosphatase activity at 24 hours in conjunction with increased circulating neutrophil count suggests that the neutrophils that were recruited to peripheral blood were not activated and that they possessed a full complement of specific granules. Our finding of altered superoxide anion release from circulating neutrophils 24 hours after endotoxin infusion is in agreement with results from other investigations. Superoxide anion release from rabbit neutrophils, which are "primed" (defined as an enhanced response to stimuli that produce neutrophil activation), occurs with a greater sensitivity to PMA 18-24 hours after single in vivo endotoxin infusion10 or after daily, consecutive infusions.25 Similarly, PMA-, C5a-, or fMLP-induced superoxide anion release is enhanced when neutrophils are exposed to endotoxin in vitro.'2 In contrast, 24 hours after in vivo endotoxin infusion, superoxide anion release is decreased in response to C5a stimulation, whereas it is not altered in response to fMLP.10, 13 The decreased response to C5a may be explained by receptor down-regulation; however, the number of fMLP receptors is paradoxically increased. 26 We suggest that endotoxin alters membrane receptors, intracellular transduction mechanisms, and ultimately, the bacteriocidal capabilities of various neutrophil populations.
Support for the hypothesis that altered superoxide anion release occurs in a population of circulating neutrophils not directly exposed to endotoxin is provided by the circulatory time of neutrophils in peripheral blood, estimated to be 6 to 8 hours. If three to eight neutrophil half-lives occur in 24 hours, at most, 6% of the circulating population of neutrophils at 24 hours was originally present during the endotoxin infusion in our experiments. Thus, it is unlikely that alterations in superoxide anion release 24 hours after endotoxin can be attributed to prolonged effects on neutrophils circulating at the time of the infusion.
In another study, 27 To begin to address this hypothesis, we characterized control bone marrow neutrophils on the basis of their distribution within discontinuous density gradients and their superoxide anion release characteristics. Segmented neutrophils of the 80/70% fraction from bone marrow may represent a readily releasable storage pool because segmented and band neutrophils are present (together representing 90% of the leukocyte differential in the 80/70% fraction), whereas immature neutrophils are not. This fraction also probably contains blood neutrophils obtained coincidentally with the bone marrow sample. We cannot exclude this possibility because the density characteristics and differential are similar to those of the 80/70% density fraction of peripheral blood. Another indication that the segmented neutrophils of the 80/70% fraction may be a releasable pool is that their superoxide anion release characteristics are nearly identical to those of blood neutrophils. Segmented neutrophils of the bone marrow 70/60% and 60/50% fractions, on the other hand, apparently represent different (less mature) subpopulations of segmented neutrophils because they are hypodense compared with neutrophils of the blood and the 80/70% density fraction of bone marrow. The notion that the segmented neutrophils in the two hypodense fractions may be from blood contamination is made less tenable by the greater percentage of band and immature neutrophils in the 70/60% and 60/50% bone marrow fractions (50-56%). Interestingly, i0M
PMA-stimulated superoxide anion release from neutrophils of the 70/60% fraction of bone marrow is similar to that from blood neutrophils, whereas release from neutrophils of the 60/50% fraction is 50% of blood neutrophil superoxide anion release.
We used the aforementioned characteristics of normal bone marrow neutrophils to identify endotoxininduced alterations in bone marrow neutrophils. A hematological effect was an apparent mobilization of neutrophils from the bone marrow of the endotoxintreated sheep. For example, with low-dose endotoxin, a 40% reduction in the differential of segmented neutrophils in the 80/70% fraction (43+12% versus 73+±3% in the control 80/70% fraction) was matched by a near doubling of the segmented neutrophil differential in the 70/60% fraction (47+±8% versus 27+±3% in the control 70/60% fraction). Likewise, there was a 30-40% reduction in the number of band neutrophils in the 70/60% and 60/50% bone marrow fractions from the low-dose endotoxin-treated sheep compared with the corresponding control bone marrow fractions. In other words, there was a reduction in the total proportion of neutrophils (segmented, band, and immature) in each of the isolation fractions (27%, 6%, and 13% decrease in the 80/70%, 70/60%, and 60/50% fractions, respectively). Another indication that endotoxin affected granulocyte maturation in bone marrow is found in the eosinophil differential from the density fractions. The percentage of eosinophils was three to four times greater in each fraction (7-10%) than in the corresponding control bone marrow fractions (2-3%). Therefore, the shift in eosinophil and neutrophil differential among the three bone marrow fractions supports our hypothesis that endotoxin affected the maturation of granulocytes.
Endotoxin infusion also affected superoxide anion release from bone marrow neutrophils. In particular, release was primed for neutrophils that either were not stimulated in vitro or that were stimulated with low doses of PMA in vitro. There were clear indications that the extent of neutrophil priming at 24 hours was a function of endotoxin dose. In the high-dose endotoxin-treated sheep, priming was observed in neutrophils from all three isolation fractions from bone marrow, including the most hypodense, least functionally mature cells in the 60/50% fraction. Priming also was apparent in blood neutrophils in the sheep given high-dose endotoxin. The present study illustrates that alterations in blood neutrophil function, occurring 24 hours after endotoxemia, are associated with similar alterations in the function of bone marrow neutrophils. The physiological and pathophysiological significance of a peripheral blood and bone marrow population of primed neutrophils remains to be determined. Because neutrophils are an important component of both host defense against bacteria and host tissue injury, the implications of altered neutrophil development and function may extend to mechanisms of host defense, the pathophysiology of acute lung injury, and adult respiratory distress syndrome.51
